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DISCLAIMER

The views, comments, suggestions, and recommendations expressed at the workshop and reported

in these proceedings are those of the participants and the editors and do not necessarily reflect those of

the National Institute of Standards and Technology, which is under no obligation to execute the

recommended actions. In addition, certain commercial equipment, instruments, or materials that have

been identified in this document are included in order to specify experimental procedures adequately, or

to demonstrate a type of equipment. Such identification is not intended to imply recommendation or

endorsement by the National Institute of Standards and Technology, nor is it intended to imply that the

materials or equipment identified are necessarily the best available for the purpose.
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ABSTRACT

A workshop on solid propellant gas generators was held on June 28-29, 1995 at the National

Institute of Standards and Technology under the sponsorship of the Building and Fire Research

Laboratory. Gas generator technology was first proposed as an alternative to halon 1301 (CFjBr) for in-

flight fire protection. Because the technology is still in a developing stage as a fire suppression method,

there is no standard test apparatus for evaluating the performance of gas generators, and there remain

many unanswered technical questions for the potential users. The specific objectives of the workshop

were (1) to identify certification procedures, (2) to determine which critical parameters were required to

characterize the performance of a gas generator, (3) to develop a standard test method for gas generator

evaluation, (4) to identify other potential applications, and (5) to search for next generation of propellants.

The participants at the workshop included representatives from aircraft and airframe manufacturing

industries, airbag and propellant manufacturers, fire fighting equipment companies, military services,

government agencies, and universities. The agenda of the workshop encompassed eleven presentations

on various topics relevant to the applications of gas generators as a fire fighting tool, followed by several

discussion sessions. Various important issues related to the achievement of the objectives set forth were

addressed, and recommendations regarding what role NIST should play in this new technology were

suggested.
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1995 WORKSHOP ON SOLID PROPELLANT GAS GENERATORS

INTRODUCTION

The rapid phase-out of halon 1301 fire protection systems has accelerated the search for other

potential technologies as alternate means to suppress fires. Solid propellant gas generators (also known
as fire extinguishing pyrotechnics or flame suppressing gas generators), a spin-off from airbag

technologies, have recently been demonstrated to suppress certain types of fires, particularly aircraft

engine nacelle and dry bay fires. This document summarizes a workshop on solid propellant gas

generators held at the National Institute of Standards and Technology (NIST) on June 28-29, 1995 under

the auspices of the Building and Fire Research Laboratory.

The intent of the workshop was to bring together gas generator manufacturers, researchers, and

potential users to discuss various critical issues related to the evaluation and performance of the gas

generators as a fire fighting tool and the search for new propellants. Although standard test apparams

for evaluating the performance of airbags exist, no such equivalence is currently available for evaluating

fire suppression performance of gas generators due to the infancy of this technology. The specific

objectives of the workshop, which reflected the need for such an apparatus, were:

• identification of certification procedure(s) for gas generators in fire suppression

applications,

• determination of critical parameters for evaluating the fire suppression efficiency of

various gas generators,

• development of a standard methodology to facilitate testing of gas generators,

• identification of possible applications other than protection of engine nacelles and dry

bays,

• identification of a new generation of propellants.

However, the emphasis was placed on the performance and evaluation aspects because it was not

possible to discuss the search for new propellants in such a format that certain proprietary propellant

ingredients would not be disclosed and that the manufacturers’ and researchers’ patent-pending rights of

the new propellants could be protected.

The workshop participants included propellant and airbag manufacturers, airframe and aircraft

manufacturers, military services personnel, researchers from academia, industries, and government

laboratories, and potential users.

The agenda of the workshop encompassed presentations on various topics ranging from

combustion of solid propellants to flame extinction mechanisms, followed by several discussion sessions.

The meeting agenda is listed in Appendix D and is briefly summarized as follows. For those who are

not familiar with the gas generator technology. Appendix B, which is an extended abstract presented by

the editors at the 1995 International Conference on Fire Research and Engineering, can serve as an

introduction to the subject.

The meeting started with an official welcome by Dr. Jack Snell who is the Deputy Director and

Fire Program Manager of the Building and Fire Research Laboratory (BFRL) at NIST. Then, Dr. Jiann

C. Yang of BFRL/NIST gave a brief overview on the current gas generator technologies for fire

suppression. Professor Kenneth K. Kuo of Pennsylvania State University delivered a tutorial on

fundamentals of solid propellant combustion. Dr. James Hoover of the Naval Air Warfare Center at

China Lake discussed the Navy’s in-house research program on fire extinguishing pyrotechnics and the

full-scale engine nacelle and dry bay test facilities. Professors Herman Krier of University of Illinois and
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Barry Butler of University of Iowa presented their research work on modeling of a generic airbag. Dr.

Anthony Hamins of BFRL/NIST discussed various aspects of flame suppression. Dr. William Pitts of

BFRL/NIST and Dr. David Bomse of Southwest Sciences, Inc., discussed various species measurement

techniques. Lt. Mark Gillespie of the U.S. Air Force Wright Laboratory and Mr. Marco Tedeschi of

Naval Air Warfare Center at Lakehurst briefed the audience on the current Air Force and Navy gas

generator programs. Mr. Philip Renn of the Naval Surface Warfare Center at Indian Head discussed

various gas generator qualification programs. Finally, Dr. Francesco Tamanini of Factory Mumal
Research Corporation presented his view on the potential application of gas generator technology to

industrial explosion suppression. Copies of their presentations are included in Appendix E. Some pages,

although presented at the workshop, were intentionally left blank by the speakers when they submitted

their copies to the editors due to the preliminary, sensitive, and proprietary namre of the data. These

pages were not included in this Appendix.

DISCUSSION AND CONCLUSIONS

There were several discussion sessions at the workshop. The sessions were arranged in such a

way that various important issues related to the application of this technology could be addressed. Other

useful comments, suggestions, and feed-back from the participants are included in Appendix A.

It was not apparent from this workshop that other potential applications, except engine nacelles

dry bays, and army vehicles, had been identified because potential end-users among the participants were

not broadly represented. For example, representatives from the power utility and telecommunication

industries were not present in the workshop. Their absence, however, did not reflect their lack of interest

in this technology, but rather it was merely the scheduling and the timing of the workshop that precluded

them from attending. It is conceivable that gas generators can be used in a manner similar to a streaming

agent for suppressing fires locally or in locations that are difficult to access. Unless sufficient leakage

or ventilation is present, total flooding or inerting of an unoccupied space using gas generators may not

be feasible because of over-pressurization. In addition, it is also unlikely that gas generators will be used

for total flooding in inhabited areas because of complication of possible asphyxiation by inert gases.

Several conceptual designs of test fixtures for evaluating gas generators in fire protection

applications were proposed. Since the gas generator technology has its genesis from airbag technologies,

some of the proposed test fixtures bore resemblance to those used in the evaluation of airbags. The two

apparatus that were discussed the most in the session were several versions of a modified discharge tank

and a small-scale wind tunnel. The discharge tank is routinely used in the industry to evaluate the

performance of airbags, and the small-scale wind tunnel in which a pool fire is placed behind a bluff body

has been used for screening various halon alternatives. The small-scale wind tunnel set-up mimicked a

simulated engine nacelle. The schematics of the proposed test fixtures can be found in Appendix A.

Because a majority of the participants were from the airframe and aircraft industries and gas

generator technology was first proposed as a halon alternative to be used for in-flight aircraft engine and

dry bay fire protection, the discussion at the workshop was heavily concentrated on the technical

problems that were facing these two applications although similar problems could be encountered when
exploring other potential applications of the gas generators. One discussion session was directed to the

area of measurements for the purpose of gas generator performance evaluation and certification. Since

the effluent product gases depend strongly upon the type of propellant used, it is not feasible and

economical to measure the product gases for any arbitrary propellant using various types of instruments.

There was consensus among the participants that monitoring of oxygen concentration was probably the

most appropriate way to assess the performance of a gas generator used in a dry bay or engine nacelle.

In this way, the dependence of effluent product gases on propellant is eliminated (assuming the gases

generated are inert). The issue of response time of the measurement technique was also a subject of
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lengthy discussion. The requirement of 1 ms or less response time for dry bay applications has presented

some technical challenges to the researchers. In addition to oxygen concentration measurement, several

other parameters were suggested as useful indicators in the evaluation of gas generators, including;

pressure, shock, velocity, and temperature.

It was clear that some of the current airbag models could be modified to evaluate gas generator

performance. The incorporation of computation fluid dynamics models into the airbag models to study

the interaction of exhaust gases from the generator with the geometry of a protected space was suggested.

There was general agreement among the participants that there is an urgent need to develop a

certification procedure before gas generators could be considered as a replacement for halon 1301 in

engine nacelle and dry bay applications. The lack of a certification process may hinder the deployment

of this technology in a timely manner despite many successful full-scale engine nacelle and dry bay fire

tests. Still, how to certify a gas generator had not become apparent at the conclusion of the workshop.

The major stumbling block appeared to be the identification of certain critical parameters that were

required to assess the fire suppression efficiency of an arbitrary gas generator. Such parameters should

play important roles in the flame suppression mechanisms. Oxygen concentration emerged as a critical

parameter from the discussion. However, detailed flame suppression studies have to be conducted before

the role of oxygen in the certification process can be identified.

The lack of a standard laboratory-scale test apparatus for evaluating and screening the fire

suppression efficiency of various gas generators may also slow down the advancement of this technology.

A test fixture, whose functions and usefulness will be at least similar to that of a standard cup burner used

for halon alternative screening studies, needs be developed. The apparatus, in principle, should be

relatively simple but at the same time allow enough important information (oxygen concentration,

temperature, pressure, etc.) to be obtained so that our understanding of the suppression actions of gas

generators can be enhanced.

Judging from the responses from the participants during the discussion sessions and their

subsquent feed-back, the objectives of the workshop set forth were met with varying degrees of success.

RECOMMENDATIONS

In light of the discussion at the workshop and the current status of gas generator technology for

fire suppression, the following recommendations were made.

• A standard test fixture for evaluating fire suppression efficiency of gas generators should

be developed. NIST is capable of supporting these efforts.

• The identification of a new class of next generation propellants {e.g., cool and high

nitrogen content in the effluent) and the characterization of thermophysical properties of

propellants should remain the realm of propellant manufacturers and researchers because

of their expertise in this field.

• Certification processes should be developed because they are critical to the advancement

of the technology. The development may require extensive cooperation among various

parties and many strategy sessions as more full-scale test results become available. NIST

can act as a coordinator in such an effort, and if deemed necessary, NIST will sponsor

workshops to address the certification issues.

• In view of its involvement in fire modeling and computational fluid dynamics, NIST

should play an active role in the modeling effort to study gas generator performance.
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• The push for the gas generator technology to other areas of applications requires the

promotion of public awareness of such technology, and in this regard, NIST should be

in a favorable position to play such role to identify other potential users because of its

constant communication and interaction with the fire protection community.
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APPENDIX A

Comments/Suggestions for Future Gas Generator Related R & D from Workshop Participants

(In alphabetical order)

Mr. Glenn Harper, McDonnell Douglas

General : The following suggestions/comments for future Gas Generator fire fighting R & D have been

prepared as a result of the USN and NIST sponsored workshops at NIST in June 1995. The primary

requirements appear to be: understanding the extinguishing mechanisms, defining the

concentration/distribution vs. time, simplified modeling to gain insight into concentration/distribution,

verification of the applicability of small scale lab tests, additional applications, prioritization/allocation

of R & D funds, and adequate interaction of the various interested parties. There appear to be two

primary goals: understanding the process, and developing reasonably accurate engineering prediction tools

for each technology in order to select the optimum technologies for deployment.

(1) Gas Generator Combustion : There was much discussion regarding the need for detailed research into

the combustion process inside the generator. Although there is always more to learn about this process,

much more is known about this subject than about hot inert gas distribution or the extinguishing

mechanism. Future R & D should concentrate on the issues least understood because those are the areas

of greatest risk.

(2) Extinguishing Mechanism : The F/A-18 E/F Engine Bay fire extinguishing tests at China Lake in

1994, though successful, are not fully understood. The first priority for future Gas Generator R & D
should be to better understand the fire extinguishing phenomenon for those series of tests and also for

the Dry Bay tests. To this end I suggest the following for all future Engine Bay testing until the process

is well understood:

(a) Continue to push for the 100 ms response concentration sensor ASAP, for the 1995 V-22 tests

if possible. If the local concentration of inert gases in the area of the fire are well below the

minimum inerting concentrations, then the mechanism is not inerting and other measurements

must be made to determine how the fire is extinguished. I would even accept slower response

if that was all that was available. (This conclusion presumes that the 100 ms response time is

adequate, which may be a false assumption.)

(b) Insure good time correlation between the video coverage and the extinguishing sequence.

(c) If possible, install high response instrumentation in the area of the fire to record pressures,

temperature, velocity, flow direction, etc. Enough instrumentation to determine the extinguishing

mechanism(s) should be installed if at all possible.

(d) If possible, instrument to sense a shock in the area of the fire.

(3) Concentration Sensor : O2 sensing, over a broad range of concentrations, is preferred since the same

device could then be used for any agent or generator; however, if sensing O2 is much less sensitive,takes

much longer to develop, or cost much more, it might be preferable to sense some other gases, especially

for the near term testing. The 100 ms response seems fast enough to learn a lot about distribution in the

next test series, especially since it is the only system currently available. Faster might be better but if
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it is too late it is of no value. A study to really determine the required response time assuming both

inerting and mechanical extinguishing might be valuable since current estimates seem to be based more
on experience than analysis. We may need the 1 ms system for Dry Bay ballistic testing and even that

may not be adequate.

(4) Modeling : There appears to be a real need for appropriate modeling to better understand the

distribution process, to resolve the wide variation in test results between test site, and the ability to make
reasonably accurate engineering predictions for sizing and trade studies. A simplified model that allows

one to look at the general trends and provides ROM values is much more valuable now than a detailed

CFD model that provides high accuracy but takes several man years to develop. A simplified model

based on first order effects to address mixing, cooling, buoyancy, ventilation, transport time, etc. would

be very helpful in all future Engine Bay testing, this fall if possible. (I would like to see the results of

NIST modeling for Mr. Mike Bennett when they become available.) Perhaps a more complex CFD
model could be developed to provide insight as a research tool, but if it takes as much time as Dr. Krier

indicated it will be of little or no help to the industry. This is another area where the appropriate balance

of resources is required. We must have some modeling, but determining the appropriate levels of

expenditure, accuracy, and detail is the challenge.

(5) Small Scale Tests : The discussion of the Turbulent Spray Burner and the Turbulent Pool Burner (I

believe Dr. Hamins used different names.) test results were interesting. I think working with Mike

Bennett and NAVAIR to verify the applicability of these test approaches for evaluating both chemical

agents and, if possible, adapting them to Gas Generators would be helpful in quickly developing and

evaluating new propellants. In reality, most Engine Bay fires are a combination of both spray and pool

fires and combining the results of both tests may provide the best correlation with full scale tests.

(6) Other Applications : There are likely to be applications for Gas Generators for fuel tank protection

and perhaps for weapons bay protection, although one should check with the U.S. Army first to see the

results of their ammunition bay testing.

(7) Broad Interaction : I encourage NIST to insure that the research/academic organizations involved in

NIST out year programs have a mechanism in place to insure adequate interaction with the airframe,

engine, fire extinguishing, government pyrotechnic, and Survivability & Vulnerability (S & V)

communities to insure their R & D activities can be applied to our specific areas of concern in a timely

manner with appropriate limits on the levels of complexity, effort, and accuracy.

(8) Prioritization : I encourage NIST to resist spending a disproportionate amount of NIST limited

resources in detailed research on things already fairly well understood (Combustion inside the Generator

for example.) as opposed to gaining insight into those areas about which little is known (Extinguishing

mechanism or distribution of effluent gases thorough the bay for example.), it is better to obtain the first

50 % knowledge in an unknown area than the last 5 % knowledge in an area already fairly well explored.

(9) Other Issues : The impact of discharging Gas Generators into Engine Bays containing engines worth

$3 to $ 10 mil. must continue to be considered. Clean-up, corrosion (especially in salt atmosphere,

landing after post-shutdown cold soak, etc.), the "Blast Effect" on maintenance crews if accidental

discharged, toxicity all need to be considered. Testing over broad range of temperatures, vibration/shock,

etc. is also required since the combustion characteristics of all propellants are temperature dependent,

some more than others, and there is some risk of "cracked grains" due to shock, temperature cycling,

vibration, etc. which may result in severe over pressure when ignited.
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Dr. J.M. Heimerl, Army Research Laboratory

A Method to Attack Practical Extinguishment Problems

The flow diagram of Dr. Bill Grosshandler and the "living room" fire schematic of Prof. Herman
Krier suggested the methodology to be discussed below.

Bill Grosshandler suggested that the overall problem could be broken down into a series of events

such as:

Gas Generator => spatial & temporal flow => fire extinguishment.

Herman Krier presented a "living room" fire as an example of the complexities of a real life fire

scenario.

The fire, F, is to be put out by the gas generator GG. There is some complex flow path that the

extinguishing gases must take to reach the fire.

The proposed methodology isolates the fire from the rest of the environment and divides the

original problem into two parts.

(1) Isolate the fire by inscribing a boundary, B.

Determine what values (or range of values) of critical parameters must be present at B to extinguish the

fire. The parameters might include; temperature, pressure, species concentration {e.g., diluent or

"superagent"), and flow velocity. The extinguishing properties could be determined from experiment,

modeling, or previous experience.
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(2) Then, other flow codes (or perhaps, even experiments) could be used to determine the values of the

parameters at the boundary, B,

and answer;

(1) whether the given, fixed GG could extinguish the flame, F (this answer relates to drop-in

replacement for a current halogen extinguisher); or

(2) what arrangement of GG {i.e., type of solid propellant, amount per container, number of

containers, their locations) would extinguish F; or

(3) what is the best arrangement {e.g., with cost, time or total amount of propellant as

constraints) to extinguish F.

The advantages of this methodology are:

(1) it separates the system and its fire from the environment that contains the gas generator. To
handle them together, either experimentally or in a code, can be a complex, expensive

undertaking.

(2) it allows the user (of the system to be protected) to define the problem in a way that allows

a relatively rapid solution. Detailed specifications of the system need not be present in codes

(or experiments) employed to determine solution.

(3) even if the fire is so large or so hot that it strongly couples with and severely affects the flow

contours in the surrounding environment, the methodology might still be useful if one were to

include in the model a "black box" heat source bounded by B.

One might think that a possible disadvantage of this methodology is the requirement the values

of the critical parameters at B must be known. This may prove to be difficult in practice. However, one

would have to know this information (or its equivalent) to determine whether GG is solution.
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Prof. Herman Krier, University of Illinois, Urbana-Champaign
Prof. Barry Butler, University of Iowa

Key Concepts for Modeling Strategies

• Solid Propellant Gas Generator models exist, have been validated, and can be applied to "new"

systems.

Input Output

* Propellant information

* Hardware parameters

* Combustion behavior

etc.

* Mass flow (t)

* Velocity (t)

* Temperature (t)

* Species concentration (t)

etc.

Fires to be extinguished are flow specific {i.e., wide variety of different flow conditions).

* Geometry (engine nacelles vs. dry bays V5. others)

* In-flow/out-flow

* Chemistry of flame (Damkohler number)

etc.

The first is input to the second (gas generator output is choked flow).

CFD codes for chemically reacting, high turbulence flow exist and are routinely used.

Based on combustion fundamentals, criteria for extinguishment must be specified.

Solve the 2-D, unsteady, chemically reacting flow specific to each "problem".

* Cold flow

* Hot flow

9



Modified Tank Test

• Small scale

• Fundamental understanding - Yes

• Product development - Yes

• Certification - No
• Inexpensive - Yes

• Repeatable - Yes
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A Potential Test Fixture

Solid propellant gas generator

Test tank

(volume variable)

Diffusion

flame

Ignitor

Pre-pressurized "chemically active suppression gas"

orN2

Fuel in
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DRY BAY FIRE

Gas generator

M(t),T(t), V(t), Yi (t)
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Prof. Kenneth K. Kuo, Pennsylvania State University

Fundamental Data Required

• Characterization of gas generator propellant burning behavior including:

• Steady-state burning rate and product concentration

* rb = h (PX)
* Burning surface temperature, {P,T^
* Temperature sensitivity, = Op (P)

* Combustion product concentration

• Transient burning behavior

* The effect of chamber pressure variations on burning rate

* Characterization of pertinent combustion instability parameters such as

{dTJdT^p, acoustic admittance, etc.

Contributions from Participants in the Discussion Session moderated by Dr. William M. Pitts, NIST

Parameters of interest

• Shock measurements

• Velocity

• Pressure

• Concentration

• Temperature

• Flow visualization

• Radicals

• Flame/flow interaction

• Thermal cooling

14



APPENDIX B

Solid Propellant Gas Generators: An Overview and Their Application to Fire Suppression^

Jiann C. Yang and William L. Grosshandler

Building and Fire Research Laboratory

National Institute of Standards and Technology

Gaithersburg, Maryland 20899 U.S.A.

ABSTRACT

A solid propellant gas generator is essentially an airbag inflator without a bag. That is, the gas generated

is discharged directly into ambience rather than into a bag. A typical solid propellant gas generator

consists of solid propellant tablets which will, upon ignition, rapidly react to generate gas-phase

combustion products and particulates, an ignitor to initiate the combustion of the propellant, a filter

system to prevent or minimize the release of the particulates from the combustion reactions into the

ambience, a heat transfer mechanism (normally the filter itself) to cool the high temperature combustion

gas before being discharged into the ambience, and an exhaust mechanism to disperse the gas efficiently.

In this article, an overview of the current status on solid propellant gas generators will be discussed, and

potential areas for future research will be suggested.

The solid propellant used in an airbag inflator typically contains sodium azide (NaNj), iron oxide (Fe203),

and small amount of other proprietary additives. The principle gas-phase product as the result of the

combustion of the NaN
3
/Fe203 propellant is nitrogen, and the resulting temperature is in the neighborhood

of 1300 K. Solid species such as sodium oxide (Na20) and ferrous oxide (FeO) are also generated during

the combustion process. Since the product gas is mainly nitrogen, the extension of airbag inflator

technologies to suppress fires is ideal and logical. The suppression action of a solid propellant gas

generator is believed to be due mainly to the effects of oxygen displacement (dilution) by nitrogen and

gas discharge dynamics (flame stretch). To a lesser extent, a thermal effect also plays a role. However,

the actual extinguishment mechanism(s) are not precisely known. It is possible that the extinguishment

mechanism depends on the distance between the gas generator and the fire. If the location of the gas

generator is very close to the fire, the extinguishment mechanism is likely to be attributable to blowing

out the fire by the exhaust from the gas generator.

There are basically two types of airbag inflator systems: (1) the conventional and (2) the pre-pressurized

or gas-assisted. In a conventional system, the gas that is used to inflate the bag depends entirely on the

combustion gas generated by the solid propellant. However, in a pre-pressurized or gas-assisted system,

the high temperature gas as a result of the combustion of the propellant is first mixed with a pre-

pressurized inert gas at ambient temperature before being discharged into a bag. Similarly, one can also

conveniently classify solid propellant gas generators into two categories, depending upon their functions:

(1) conventional and (2) hybrid. When a gas generator is used alone for fire suppression, it is termed

‘presented at the 1995 International Conference on Fire Research & Engineering, September 10-15,

Orlando, Florida
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"conventional." When it is used together with other liquid or powdered fire suppressing agents, it is

termed "hybrid." In a hybrid system, the gas generator normally is used as a means to provide sufficient

pressurization so that the expulsion of liquid or powdered agent from a storage vessel can be facilitated.

A typical sequence of events that occurs during gas generation for fire suppression using solid propellants

can be described as follows. Upon detection of a fire, the ignitor located in the combustion chamber of

the solid propellant gas generator is activated. The ignitor, which contains a small amount of pyrotechnic

materials (e.g., ZifKClO^), immediately releases high temperature gas and hot particulates via thermally

initiated, exothermic chemical reactions of the pyrotechnic materials. The resulting temperature and

pressure rises then initiate the solid propellant reactions near the ignitor, and a deflagration front rapidly

propagates throughout the solid propellant bed. Very frequently, booster propellants, ignited by the

ignitor, are used to facilitate the combustion of the main solid propellants. The high temperature and

high pressure combustion gases, together with the condensed-phase products, then exit the combustion

chamber through a filter before discharging into the ambience.

The attractiveness of using solid propellant gas generators in fire suppression applications lies in the fact

that the system, when used alone, is considered to have no ozone depletion and global warming potential,

and is physically very compact. Being a derivative from the airbag inflator technologies, there are

voluminous research materials available in the literature. Another advantage is that since gases are

generated via solid propellant reactions, the system can, in principle, be tailored to function over a period

of few milliseconds (e.g., for aircraft dry bay fire protection) to few seconds (e.g., for aircraft engine

nacelle applications) by manipulating the parameters that control the combustion mechanisms. In

addition, the gas generators have very extended storage and service life. However, the toxicity of some

of the by-products can not be ignored.

A review of previous research literature on airbag inflator technologies has suggested, through

parallelism, the following areas for future research on solid propellant gas generators: (1) continuing

search for better solid propellants, (2) better understanding of the suppression mechanism(s) of the

product gases, (3) modeling and simulation of the thermochemistry and gas discharge dynamics, and (4)

hardware optimization.

Sodium azide, which is used in the preparation of herbicides and in various organic syntheses, is the

current principal chemical used in solid propellants for gas generators. Because of its potential health

hazards (e.g., its potential to lower blood pressure), current research has been focused on the "non-azide

based" propellants by the airbag manufacturers. The pertinent thermochemical and thermophysical

properties to be considered for any new propellant should include (1) propellant thermochemistry (flame

temperature and chemical composition of combustion products) and stoichiometry (moles of gas produced

per mole of propellant burnt), (2) propellant ignitability and burning rates under various conditions, (3)

toxicity of combustion products, (4) stability of propellent during storage and transport, and (5) propellant

thermal properties. In addition, the grain size and shape of the propellant and how the propellant is

packed in the gas generator also play important roles in the performance of the gas generator.

The suppression mechanisms of the combustion gases are the least understood because of the complexity

of the gas discharge dynamics and turbulence interaction of the suppressants with the fires. Current

practice for studying the suppression efficiency of the propellent, at least in the dry bay and engine

nacelle applications, is to use trial and error to determine the amount of propellants required to put out

a specific fire. A better understanding of the suppression mechanisms would therefore be needed in order

to determine the required amount of propellants in a systematic way.
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Current computer codes for simulating airbag inflator performance may be used with some modifications

to evaluate the performance of gas generators. Note that existing computer codes address almost

exclusively the simulation of internal performance of airbag inflators and that chemical equilibrium is

assumed to determine the products of combustion and flame temperamres. Since the gas generation

processes are extremely rapid and over in such a short duration, chemical equilibrium may not be

reached, and simplified or detailed chemical kinetics should be considered in future code development.

In addition, the interaction of the exhaust gas from the gas generator with the ambience has to be taken

into account in the modified codes.

Current or future airbag inflator technologies can definitively benefit the hardware optimization of gas

generators. Current active areas of research on airbag inflator hardware appear to be focused on the

improvement of filter design and gas cooling system. For solid propellant gas generators, research should

also be focused on how to disperse the gas effectively upon leaving the generator.

Presently, the gas generator technique has been proposed to be used in uninhabited areas because of the

detrimental effects of oxygen depletion and nitrogen inerting on humans. Current interest has been

focused on the application of the technique to aircraft dry bay and engine nacelle fires. Recently, tests

performed at the Naval Air Warfare Center in China Lake, California and Wright Laboratory in Dayton,

Ohio have demonstrated the feasibility of using solid propellant gas generators to suppress simulated

aircraft dry bay fires. Other potential areas of application have also been suggested by the manufacturers.

These include, to name a few, warehouse fire protection, industrial explosion prevention, and race car

and shipboard engines.
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APPENDIX D

Meeting Agenda

SOLID PROPELLANT GAS GENERATOR WORKSHOP
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9:00 AM
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Oxygen Concentration Measurements
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2:15 PM Mark Gillespie, Wright Laboratory

U.S. Air Force Inert Gas Generator

Program

2:45 PM Marco Tedeschi, Naval Air Warfare Center, Lakehurst

Inert Gas Generators Used for Fire Suppression Abroad U.S. Naval

Aircraft

3:15 PM Break

3:35 PM Philip Renn, Naval Surface Warfare Center, Indian Head

Navy Qualification of Solid Propellant Gas Generators for Aircraft Fire

Suppression

4:05 PM Francesco Tamanini, Factory Mutual Research Corporation

Explosion Suppression for Industrial Applications

4:35 PM Moderator: Jiann C. Yang, NIST

Discussion I: Other Potential Applications ?

5:15 PM Meeting Adjourn

June 29, 1995

8:30 AM Moderator: William L. Grosshandler, NIST

Discussion II: What are the right test fixtures?

9:15 AM Moderator: William Pitts, NIST

Discussion III: What do we want to measure?

10:00 AM Break

10:15 AM Moderator: Herman Krier, University of Illinois

Discussion TV: The needfor modeling?

11:00 AM Moderator: Jiann C. Yang, NIST

Discussion V: Other research needs ?

11:45 AM William L. Grosshandler, NIST

Concluding Remarks

12:00 Noon Adjourn
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APPENDIX E

WORKSHOP PRESENTATIONS
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INTRODUCTORY REMARKS

Jiann C. Yang

Building and Fire Research Laboratory

National Institute of Standards and Technology

Gaithersburg, Maryland 20899
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Objectives of the Workshop:

• To identify what we know and don’t know in gas generator

technology for fire suppression

• To identify future research areas in gas generator technology

for fire suppression

• To identify potential users and address their needs and

concerns
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Review of Airbag Technologies

• More than 10,000 patents internationally

R & D Areas :

• Propellant Research

• Filter Systems

• Airbag materials

• Overall System Designs

• Computer Simulation and Modeling of Airbag

Deployment

Solid Propellant Gas Generators

• Search for new propellants

Non-azide based

Thermochemistry and stoichiometry

Ignitability and burning rate

Toxicity

Storage stability

• Understand how they suppress fires

Dilution, chemical, thermal, or physical

• Modeling

• Hardware optimization

Filter, cooling, dispersion of combustion gases
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Advantages of Gas Generators for Fire

Suppression

• No Ozone-Depletion Potential

• Minimum / No Global-Warming Potential

• Stability

• Long Service and Storage Life

• Physically Compact

Applications of Gas Generators for Fire

Suppression

Current: Engine Nacelle Fires

Dry Bay Fires

Potential: Industrial Explosion Prevention

Warehouse Fire Protection

Race Cars

Shipboard Engines
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GENERAL BACKGROUND OF SOLID PROPELLANTS

(1)

SOLID STATE SUBSTANCES WHICH CONTAIN BOTH OXIDIZERS AND FUEL

INGREDIENTS
(2)

ABLE TO BURN IN ABSENCE OF AMBIENT AIR OR OXIDIZERS(3)

NORMALLY USED TO GENERATE HIGH-TEMPERATURE COMBUSTION PRODUCTS FOR

PROPULSION PURPOSES

(4)

CLASSIFIED INTO TWO DIFFERENT TYPES (HOMOGENEOUS AND HETEROGENEOUS)

BASED ON DIFFERENCES IN THEIR PHYSICAL STRUCTURE
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CLASSES OF PROPELLANTS

• Homogeneous

Uniform physical structure.

Fuel and oxidizer are chemically bonded
together.

Major constituents are nitrocellulose (NC)

and nitroglycerine (NG).

Also referred to as double-base propellants.

• Heterogeneous

Non-uniform physical structure.

Polymeric fuel binder and crystalline

oxidizers.

Also referred to as composite propellants.
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•



Chapter 2. Chemistry of Ignilion and Coiiibitsii<»a af Awftawtm-
Perchlorate-Based Propellants 53

by K. Kishore and V. Gayatkri

Chemistry of Ignition 55

Sequence of Ignition 55

Theories of Ignition 57

Role of Oxidizer and Binder 58

Effea of Pressure 60

Effect of Oxidizing Atmosphere 61

Ignition of Composite Propellant Fuels by HCIO4 Vapor 63

Preignition Reactions 64

Effect of Catalysis on Ignition 66

Chemistry of Combustion 68

Introduaion to Combustion Mechanism 68

Surface Reactions 70

Subsarfacc Reactions 75

Gas-Phase Reactions 94

Effect of Catalysts on Propellant Combustion 98

Future Reearch Directions 106

presents

chemiitrj of ignition

and Cor%bastC9n

/IP- basaJ propelIon ts

0$ Hell as ihe roles

of OXtdijer^^ b/nden:

catalysts, and amL'enZ

Conditions in ignition

and Cootboition

,

Chapter 3 . The Thermal Behavior of Cvclotrimethylenetrinilmmine

(RDX) and Cyclotetramethylenetetranitramine (HMX) 121

by T. L. Boggs

Crystallography 123

Sublimation of HMX 126

Decomposition of the Solid RDX and HMX 127

Liquefaction 142

Decomposition of Liquid 144

Pyrolysis of HMX 150

Shock Tube Studies 157

Ignition ofHMX 160

Self-Deftegr«k>nofHMXandRDX 161

Seif-Deflagration Rate as a Function of Pressure 161

Self-Deflagration Rate as a Function of Pressure and Initial

Santpie Temperature 164

Surface Structure of Sdf-Deflagrating HMX 165

Chapter 4. Chemistry of Nitrate Ester and Nitramine Propdlants— . 177

by R. A . Fifer

Decomposition of Nkrocdluiose 181

Kinetics of Nitrocellulose Decomposition 182

Products and Mechanism of Nitrocellulose Decomposition 184

Plasticizers and Stabilizers in Nitrocellulose Decomposition 189

Catalysis of Nitrate Ester Propellants 191

Decomposition of Nitramiires 202

Kinetics of HMX and RDX I>ecomposition 203

Produas and Mechanism of HMX and RDX Pyrolysis 207

Catalysis of Nitramine Propellants 215

Flame Zone Chemistry 219

consists of pertinent

Information on fhe

ihetmal behavior of

J}PX HMX ^
clear debneoit/oh of

fhe Subbmedion ^
ptj roli^sis ^ ianifion

and self- defla^rs^titri

of fiese nitramine.
iii^re dients

describes detailed

k.‘netics of

RDX decomposition

Catal^SiS of nitnatoifiG

peopellarits
^ OS hie// 04

flame one chtmistru

39



Chapter 5. Solid-Propenanl Ignition TTieories and Experimeats 239

by C. E. Hermanct
Introduaion 241

Radiant Energy Ignition Sources 246
Shock Tube aad Other Ignition Experiments 259

Theoretical Models of Solid-Propellant Ignition and Related Theory 266
Comments on Soitttion Methods 275

Solk^Phase Reaction Mechanism Theory 278

Theory of Ignition by Heterogeneous Reaaioa with External Oxidizer 281

Gas-Phase Theory of Solid-Propellant Ignition 285

Gas-Phase Theory—Shock Tube Cases 286

Gas-Phase Theory—Radiant Heat Input 289

Chapter 6. Flame Spreading and Overall Igni tion Transient 305

by M. Kumar and K. K. Kuo
Ignition and Thrust Transients in Solid-Propellanl Rocket Motors 309

Ignition Devices or Igniters ; 309

Physical Processes during Ignition Transient 312

Ignition Transient Models and Experiments 315

Flame Spreading over Sohd Propellants and Fuels 327

Flame-Spreadiftg Mechanisms 327

Flame-Spreading Theories and Experiments 330

Flame Spreading into Sotid-Propellant Cracks and Flaws 339

Physical Processes during Flame Spreading and Combustion in FTo-

pellant Defects 340

Theories and Experimeats on Flame Spreading in Propellant Cracks . . 341

Covers detailed

desenpton of
'Various

of

e/porihttits o/md

fitortes^ I’on-

phenomena, ond

presents detailed

dtScnsS't'tifiS on

over Surface,

of Soil'd

Q nd into Mf
dtf^cds ofpro-

oreuns .

40



Chapter 7. Steady-State Burning of Homogeneous Propellants 361

by G. Lengelli, A . Bizot, J. Duierque, and J. F. Trubert

General Behavior and Flame Structure of Homogeneous Propellants 367

Burning Rate Laws: Influence of Additives 371

Detailed Study of the Combustion Mechanisms in the Condensed Phase . . . 373

Degradation of the Propellant 3<75

Condensed-Phase Degradation Gases 384

Condensed-Phase Behavior of the Additive 387

Detailed Study of the Combustion Mechanisms in the Gas Phase 387

Primary and Secondary Flame Regimes 389

Primary Flame Structure with/without Additives 392

Mechanisms of Super-Rate and Plateau or Mesa Effects 398

Chapter 8. Steady-Slate Burning of Composite PropelIai*ts

under Zero Cross-Flow Situation 771*. .‘409

by K. N. R. Ramohalli

Various Combustion Models of Composite Solid Propellants 413

The Guirao-Williams Model for AP Combustion 420

The Granular Diffusion Flame Model 427

The Hermance Model for Propellant Combustion 434

The Beckstcad-Dcrr-Pricc Model or the Model of Muhipylc Flames . . . 443

Petite Ensemble Model 451

The Statistical Flame Description 458

Summary of the PEM Equation (Applied to Each

Pseudo propellant) 465

Future Developments 471

prese nfs use-f-’zl

in-form*.tt'en on

f/opne sftuciur^

Comb

of- homogeneous-

propellants^

of S‘of>etr rutfs

plateau trr Me

•freottnent of ya^v*

ynodels

"for- h€'te.n?oeneou.s

prtjpe llanis

Chapter 9. Combustion of Melalized Propellan ts 479

by E. yv. Price

Metals as Fuel Ingredients in Propellants 479

• Metal and Oxide Propcnics 481

Results of Controlled Experiments with Aluminum 484

Propellant Combustion 496

Effect of Aluminum on Propellant Burning Rate 501

Combustion Products 503

Future Developments 505

Chapter 10. Erosive Burning of Solid Propellants 515

by M. K. Razdan and K. K. Kuo
Theoretical Approaches to Erosive Burning 521

Classification of Erosive Burning Theories 521

Models Based on Phenomenological Heat-Transfer Theories 522

Models Based on Integral Boundary-Layer Analysis 523

Models Based on a Modification of the Propellant

Combustion Mechanism 526

Models Based on a Chemically Reacting Boundary-Layer

Analysis 527

Other Models 528

Recent Theoretical Approaches 529

Summary of Theoretical Work 541

Experimental Work on Erosive Burning 541

Experimental Methods 541

Recent Experimental Work 559

Summary of Experimental Work 563

Important Results of Erosive Burning Studies 575

Generally Observed Effects of Various Parameters 575

Physical Mechanism of Erosive Burning Phenomena 588

Recommendation for Future Work 590

4L

offers zxUnsevt.

descriptions

I*nterpretcii ons

of ike combustion

pkenOpntncL of
^tnetJljed propefUsits

Covers yart'ou.s

ikeortfic^^f hKoolels

wAa'cA art

into clcfferent

Catejori'e^ hased
Upon the Hetho<i

of afiprvaok.

burnfnj dcito^^ (7i>^

:

Ohenoif\ena,
^
and

h olS! c me chaniSJnj
,



Chapter 1 1 . Transient Boming of Solid Propellants 599

by K. K. Kuo. J. P. Core, and M. Summerfield

Mechanism of Transient Burning 602

Mathematical Description of the Transient Burning Phenomena 606

Description of the Existing Models 614

dp/dt Models 622

Flame Description Approach 624

Zel’dovich Approach 631

Unsteady State Gas-Phase Models 635

Experimental Work in Transient Combustion of Solid Propellants 635

Experimental Apparatus Used by Various Researchers 636

Results of Parametric Studies 648

Future Direaion 651

Chapter 12. Extinctioa Theories and Experimeats. 661

by L. De Luca

Technical Background 666

Literature Survey on Dynamic Extinction 669

Theoretical Results on Dynamic Extinction by Fast Depressurization . 670

Experimental Results on Dynamic Extinction by Fast

Depressurization 674

Dynamic Extinaion by Fast Dcradiation 680

Extinction by Other Quenching Techniques 685
Injeaion of Flame Inhibitors 685

Heat Sink 687
Miscellaneous Quenching Techniques 688

Mathematical Formulation of the Problem 689
Nonlinear Burning Stability of Solid Propellants 702

Nonlinear Static Burning Stability 707
Nonltnear E>ynam»c Burning Stability 715

Numerical and Experimental Validation 719
Conclusions and Future Work 725

pros/cJ^ basfe.

expire

Ohd €fft€ts ^
pkysicocUimcJ

meters ^
humtnf

tetes

fresents e/tneti

Heon'es and
^XperfHents ,

CoitTS cLynamte

of

de

fcoh^ <ieracl:<d,'on

end yari'ous

9 ® ^ cA r n
^

ireckni^ues .

i9n

42



Chapter 13. Expenmentai Observations of Combustion Instability . . . 733

by E. W. Price

General Features of Instability 736
Gains and Losses

Processes Contributing testability 741

Combustion Response 742
Measuring Combustion Response 749
Particulate Damping 754
Other Gains and Losses 757

Rocket Motor Instabilities 759
Bulk Mode Instability 759
Transverse Mode Instability 765
Axial Mode Instability 767
Fluid Dynamically Excited Oscillations 774

Effea of Propellant Cbaraaeristics on Combustion Instability 775
Summary and Recofumendations 778

Chapter 14. Theoretical Analysis »f Cowb«stie« last‘ibai»y 791

by J. 5. T’ien

Linear Analysis of Wave Motion 795

Governing Equations 795

Acoustic Energy in a Sound Field 7%
Acoustic Admittance Funaion 798

Linear Analysis 800

Acoustic Amplification: Propellant Response Function 805

Estimate of Time Scales 805

Quasisteady Gas-Phase and Unsteady Solid-Phase Models 808

Nonsteady Gas-Phase Model 816

Velocity Coupling 819

Others 820

Acoustic Damping 821

Nozzle Response 821

Particle Damping 823

Others 824

Examples of Compuciog Linear Stability Boundaries 825

Nooacoustk Inscabiiity 82S

Nonhnear AKriysis 830

Comparison of Theory and Experiments 832

discusses

t' rodcc,'t‘ h^o'tots .

Covers fechn!(futs

-for MeuSurenent

of C0t>%husi‘i'0r\-

response •fancft'Ojis

variodr modes of
-

''

tnsta^ih’h'es^ effect

of pr^^ellcknt

Characfettsti'cS on

Ce^nhustt^

p'%,

IneorttiCtJ QniJjsts

of Comhusft'on

Cnelkcltnj *7r/ieqr

of hM/e

^
ocouittc

tmj

^ fipn -

norjitieur antiljses^

and prpolictivi,

Copabilifies of
Varfots ikeories

,

43



Chapter 15. Smokekss frapeMaBts

by E. Miller

Chemical Origin of Smoke
Homogeneous and Heterogeaeous Nudeation of Smoke,

Modeling of Secondary SaK>ke

T^e I>ynanucs of Secondary Smoke Formation . . .

,

Opacity Theory for Visible Light

Light Scactering

Plume Visibiiity

Experimencs in Secoadmyr Smoke Formation -

Facilities

SCF Results aod Comparison with Models

Condensation Nuclei

Snrrnke Measurements . . . . J

AEDC Resuhs and Comparison with Models

Full-Scale Rocket Motor Tests

Methods for Reducing Smoke
Future Research Direaions

Index to Contributors to Volume 90

List of Series Volumes 1-90

ns
S44 I r
847 d^'SeUSStO^xS Of

c/l6>n*CA.I

SHok^

^ SeconJaru Spooks

^ -fvrMafiVx and

^ its ,^
I J

^ AoMoyeneoa^ aneJ

hetetoje,r)A0us

nucIcatfOh ofSS5

sr7
s^oke^ and

hitiods

of ^€c^uc^'w# 5^oJtc

of prof>t,llant

ptodu cts

44



Nonsteady Burning
and
Combustion Stability

of

Solid Propellants

Edited by

Luigi De Luca

Politecnico di Milano

Milan, Italy

Edward W. Price

Georgia Institute of Technology

Atlanta, Georgia

Martin Sumraerfield

Princeton Combustion Research Laboratories, Inc.

Monmouth Junction, New Jersey

Volume 143

PROGRESS IN
ASTRONAUTICS AND AERONAUTICS

A. Richard Seebass, Editor-in-Chief

University of Colorado at Boulder

Boulder, Colorado

Published by the American Institute of Aeronautics and Astronautics, Inc.,

370 L’Enfant Promenade, SW, Washington, DC, 20024-2518

45



Table 1 List of ingredients used for double-base and

composite propellants

Double-base propellant

plasticizer (fuel and oxidizer)
N6 : nitroglycerin
TMETN: trimethyl ol ethane trinitrate
TE6DN: tri ethylene glycol dinitrate
DEGDN: diethylene glycol dinitrate

plasticizer (fuel)

DEP: diethylphtalate
TA: triacetine
PU: polyurethane

binder (fuel and oxidizer)
NC: nitrocellulose

stabi 1 izer
EC: ethyl central ite
2NDPA: 2-nitrodiphenilamine

burning rate catalyst
PbSa: lead salicylate
PbSt: lead stearate
Pb2EH: lead 2-ethyl hexoate
CuSa: copper salicylate
CuSt: copper stearate
LiF: lithium fluoride

high energy additive
RDX: cyclotrimethylene trinitramine
HMX: cyclotetramethyl ene tetrani tramine
NGD: nitroguanidine

coolant
OXM: oxamide

opecifier
C: carbon black

flame suppressant

KNO 3 : potassium nitrate
K 2 SO4 : potassium sulfate

metal fuel
A1 : aluminum

combustion instability suppressant
A1 : aluminum
Zr: zirconium
ZrC: zirconium carbide

(Table 1 continued on next page.)
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Table 1 (cont.) List of ingredients used for double-
base and composite propellants

Composite propellant

oxidizer
AP: ammonium perchlorate
AN: ammonium nitrate
NP: nitronium perchlorate
KP: potassium perchlorate
RDX: cycl otri methylene trinitramine
HMX: cycl otetramethyl ene tetrani tramine

binder
PS: polysulfide
PVC: polyvinyl chloride
PU: polyurethane
CTPB: carboxyl terminated polybutadiene
HTPB: hydroxyl terminated polybutadiene

curing and/or crosslinking agents
PQD: paraquinone dioxime
TDI: tol uene-2,4-di i socyanate
MAPO: tris{l-(2-methyl ) aziridinyl) phosphine oxide
ERLA-0510: N,N,0-tri (1,2-epoxy propyl ) -4-ami nophenol
IPDI: isophorone di isocyanate

bonding agent
MAPO: tri s{l -(2-methyl ) aziridinyl]
TEA: triethanolamine
MT-4: adduct of 2.0 moles MAPO, 0.7

and 0.3 mole tararic acid

phosphine oxide

mole azipic acid.

plasticizer
DOA: di octyl adipate
IDP: isodecyl pelargonete
OOP: di octyl phthalate

burning rate catalyst
Fe 203 : ferric oxide
FeO(OH): hydrated-ferri c oxide
nBF: n-butyl ferrocene
DnBF: di -n-butyl ferrocene
LiF: lithium fluoride

metal fuel

A1 : aluminum
Mg: magnesium
Be: beryllium
B: boron

combustion instability suppressant
A1 : aluminum
Zr: zirconium
ZrC: zirconium carbide
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APPLICATIONS OF SOLID PROPELLANTS

SOLID PROPELLANTS HAVE BEEN USED FOR BOTH MILITARY AND COMMERCIAL PURPOSES.

MILITARY APPLICATIONS

- MISSILES

- GUNS

- AIR-BREATHING PROPULSION SYSTEMS, ETC.

COMMERICIAL APPLICATIONS

- ROCKETS FOR LAUNCHING EARTH SATELLITES

- RAPID FILLING OF AIR BAGS

- CONNECTION OF ELECTRICAL CABLES

- EMERGENCY AIRPLANE CREW ESCAPE SYSTEMS

- MINING

- CONSTRUCTION, ETC.
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(a) Segmented rocket motor configi^-ation

SIGNIFICANT

(b) Significant Ignition intervals.

Fig. 2.5. Type of Segmented Rocket Motor and Time Intervals During Ignition

Transient
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Burn

Rate,
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JA2 Strand Burning Rates
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APPLICABLE EQUATIONS

A one-dimensional steady-state energy balance equation

can be written:

_d_

dx
m dT\ _

dx^
%-c dl

c dx Pp

'

4sub “ ^

If the thermal properties are assumed to be constant, the

energy balance equation can be integrated with the

following boundary conditions:

x = 0 T = Ts

X = -00 T = To

to yield the following equation:

T-Tq
Ts-To

rb • /?p
• Cc • X

k

where -co < x < 0.



EQUATIONS (coni)

The definition of the thermal diffusivity of the propellant:

ap =

can be used to determine k, if Cc is assumed to be

constant.

Definition of the thermal wave depth:

= (5)
b? ts “ m

5th is usually defined to be where the temperature ratio is

equal to 0.01. Therefore, the equation for the thermal

wave depth:

Jth= ^-111(102) (6)
M3

The definition of the characteristic time of the propellant:

57



EQUATIONS (cont)

The sensitivity ofJA2 propellant to changes in initial

temperature can be deduced from the equation:

-]

~ lii(rb,ref)i ^qn
JP - L Tr-Tref ‘‘p ^ ^

D

The pyrolysis law may be expressed in the form of a mass-

burning rate:

(9)

when Ts becomes large, m will approach a maximum
value:

(10)

Using the following ratio, the burning surface temperature

can be estimated:

mb -Ea
( 11 )

St. Robert's Law of combustion:

rb = a-pii
( 12)
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JA2 Thermal Wave Profile

Distance from Burning Surface, \xm
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JA2 Thermal Wave Profile

Distance from Burning Surface, jim
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Fig. 1 A Schematic Diagram Showing Various
Flame Zones and Condensed Phase
Reaction Regions as well as a Typical
Temperature Profile.
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Figure 1; Typical micrographs for a) surface bubble analysis (XM39
at 1 atm and 300 \V/cm2) and b) melt layer thickness

determination (XM39 at 3 atm and 100 \V/cm2).
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Decomposition of RDX (C.Nelius,1990)

At Fast Heating Rates

#4 (2) o
H9)

H2C

°*N-N
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‘CH 2 ,

0

\
#3 (16)
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.n|n*°
H-C^ I 'O

#5 (31)
H,

C = N-

\
#6 (31)

#n (^E) : Position, Order, and Energy

of Chain Bond Breaking (Energy in kcal/mole)

Figure 10. Decomposition mechanism for RDX under rapid hearing rates. The
number indicates the order in which the bonds are broken. The bond breaking energies

(in kcal-mol'l) are given in parentheses. The final products are HCN, NO2 , and H.
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Figure 11. The water-catalyzed decomposition pathway for nitramines containing the
((“^2N(N02)-)- subgroup. The initial step is the hydrolysis of the C-N bond in

(0 to form the primary nitramine (2) and the hydroxymethyl species (3). The primary

nitramine undergoes further decomposition to form N2O and the hydroxymethyl
species (3), which undergoes further decomposition to form CH2O and the primary

nitramine (2)
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BACKGROUND

• CONSULTANTS TO AIRBAG INDUSTRY

• MODELING WORK

developed general-purpose gas
generator models
validated performance of numerous
inflators

used in design of new inflators

• EXPERIMENTAL WORK

cold-flow test apparatus
combustion test apparatus
ignition test apparatus
design of experiments (DOE)

• ADVANCED CONCEPTS

next-generation infiator designs
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AIRBAG COMPONENTS

• CRASH SENSORS AND COMPUTER LOGIC

• INFLATOR UNIT (Le., both hybrid and
pyrotechnic gas generators)

ignitor
propellant grains
hardware items
particle filter

• BAG HOLDER AND EXTERIOR PADDING

• NYLON AIRBAG ASSEMBLY
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ENGINEERING CHALLENGES

• IGNITOR RELIABILITY (output history, is it

repeatable ?)

• TIMING OF EVENTS (pressure-time profiles)

• PRODUCT CHEMICAL COMPOSITION
tank gas
tank particulates
inflator slag (multi-phase mixture)

• AMBIENT OPERATING ENVIRONMENT
temperature
pressure

• AIRBAG DEPLOYMENT
dynamics of bag filling

thermal and mechanical response of bag
as It opens

• PROPELLANT LIFE (>15 years)

• PROPELLANT DISPOSAL
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GOALS AND OBJECTIVES

• DEVELOP A MODEL THAT DESCRIBES THE
THERMOCHEMICAL EVENTS OCCURRING
IN A GAS GENERATOR

• VALIDATE MODEL WITH EXPERIMENTS

• STUDY THE INFLUENCE OF MATERIAL
PROPERTIES AND DESIGN PARAMETERS
ON PERFORMANCE OF GAS GENERATOR

maximum infiator pressure, temperature
maximum tank pressure, temperature
tank impulse
pressure-time profiles

temperature-time profiles
tank gas composition

• COMPUTER PROGRAM FOR DESiGN OF
NEW GAS GENERATORS

94



GAS

GENERATOR

AND

DISCHARGE

TANK

95



GAS-ASSISTED
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COMPUTER SIMULATION

• KEY FEATURES INCLUDED IN MODEL

ignition time delay (fiame spreading)
tracks individual species with time (g, s, i)

grain geometry (form function)
nozzie discharge fiow rates
fiiter collection process and gas flow
restriction

• MODEL PREDICTING

- Pj(t), Tj(t), Xj(t)

heat exchange rates
hardware temperatures
propellant properties per time
flow properties at exit nozzle

• EXPERIMENTAL VALIDATION DATA

ignition delay time
mass of collected particles in filter

Pj(t), Tj(t), Xjj(t = oo), Pjj(t = oo)

• NUMERICAL PROCEDURE

large system of ODE's (dTi/dt, dmk/dt, etc.)

solved using DVODE
CPU time is 0.1 - 1 minute on HP-735
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MODEL DESCRIPTION

• BASED ON FUNDAMANTAL CONSERVATION
LAWS (MASS, ENERGY)

• TWO MAJOR SUBSYSTEMS CONSIDERED:

gas generator assembly
discharge tank

• GAS GENERATOR ASSEMBLY INCLUDES:

body (metal hardware)
propellant grains
ignitor assembiy
filter screen
thin metal foil for environmental seal and
burst strength

• DISCHARGE TANK INCLUDES:

tank walls (heat loss)

mass discharged from inflator

• DIFFERENT MODES OF HEAT TRANSFER
ARE CONSIDERED
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MODEL ASSUMPTIONS

• FILTER DOES NOT COLLECT GAS SPECIES

• FILTER DOES COLLECT SOLID AND LIQUID
PRODUCTS OF COMBUSTION

collection efficiency depends on filter

design (mass, fiber size, etc.)

• GAS MIXTURE IS:

multiple species
- Cp(T)

well-mixed, perfect gas
can be chemically reactive

• CONDENSED SPECIES ARE:

multiple species
- Cp(T)

not compressible
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COMPUTATIONAL

MODEL
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THERMODYNAMIC
DATA BASE

• Treats multiple chemical species in propellant
grains and products of reaction

• Gaseous as well as condensed-phase species
are possible

• Uses NASA/CHEMKIN thermodynamic data

base for Cpk(T)

• Cpk(T) used to assemble enthalpy Hk(T)

error



TCK)

• (^300 <. TC'^) <

5*
*000^

• C"^n <• <• i

• ^o\\<Js. CrvNO^*Vip|^ C ^ ^

•Oe'sD “f^wvp.
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GAS-PHASE CHEMISTRY

«««< GAS -PHASE REACTIONS »»»>
Rxn number Symbolic representation

1.

2.
3 .

4.
5.

6.

7.
8.

9.
10.
11.
12.
13 .

14 .

15.
16.

C+02<=>C0+0
C+OH<=>CO+H
HC0+0H<=>H20+C0
HCO+M<=>H+CO+M
HCO+H<=>CO+H2
HC0+0<=>C0+0H
HC0+0<=>C02+H
HC0+02<=>H02+C0
C0+0+M<=>C02+M
C0+0H<=>C02+H
C0+02<=>C02+0
H02+C0<=>C02+0H
H2+02<=>20H
0+0H<=>02+H
0+H2<=>0H+H
H+02+M<=>H02+M
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RESULTS

-

COMPUTER

SIMULATION

[3-isd] 3jnss3J<j

[S-isd] 3jnss3Jj
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RESULTS

-

COMPUTER

SIMULATION
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RESULTS
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COMPUTER

SIMULATION
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Pt,max

RESULTS - SENSITIVITY STUDY
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Pc,

max

1

RESULTS - SENSITIVITY STUDY
j
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NECESSARY FOR MEANINGFUL INFLATOR
SIMULATION PROGRAM

• Description of propellant and products
CHEMICAL COMPOSITION

• Temperature-dependent specific heat
FUNCTIONS FOR ALL POSSIBLE SPECIES

• Precise solid phase properties (V, density)

• Surface regression rate ( = f(P,T) )

• Surface/volume ratio of propellant during
BURN

• Ignition sequence of the propellant
(coating, squib size, temperature, etc.)

• Fracture of grains during rapid
PRESSURIZATION

• Solid-phase thermal properties (model slag
formation)

• Nozzle opening process (included multiple
NOZZLE sizes TO AVOID SADDLING EFFECT)

• Heat loss to screens

• Dynamic mass-flow discharge coefficients

• Development of experimental plan in parallel
WITH MODEL DEVELOPMENT
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EXPERIMENTAL REQUIREMENTS

• DESCRIPTION OF PROPELLANT

chemical composition
grain geometiV
burn-rate function

• ANALYSIS OF SPECIES REMAINING IN THE
INFLATOR AFTER FIRING

• DYNAMIC PRESSURE MEASUREMENTS IN:

inflator body
discharge tank

• AFTER-FiRING INSPECTiON OF
HARDWARE FOR CONDENSED PARTICLES

• INDEPENDENT STUDIES OF THE FILTER
COLLECTION EFFICIENCY

• INDEPENDENT STUDIES OF THE
PROPELLANT IGNITION SEQUENCE
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PROPELLANT CONCERNS

• PRODUCT CHEMICAL COMPOSITION
tank gas
tank particulates
inflator slag (multi-phase mixture)

• LiFE (>15 years)

• DISPOSAL

• PROPELLANT OUTPUT

hot vs. cold firing

squib can fracture propellant grains

• LABORATORY COMBUSTiON STUDiES
SHOULD REPLiCATE ACTUAL GAS
GENERATOR OPERATiNG ENViRONMENT

high confinement (soiids loading)
pressure variations (14.7 - 4,000 psi)

possible slag build-up
flame spreading
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COMBUSTION

TEST

APPARATUS
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IGNITION CONCERNS

• ACTION TIME

hot vs. cold firing

uniform performance of "similar" squibs
some "good" gas-generating
propellants require accelerant coatings

• IGNITOR OUTPUT

hot vs. cold firing

uniformity in performance of "similar"

squibs
can fracture propellant grains

• IGNITOR LIFE

uniform performance after storage

• INDEPENDENT STUDIES OF IGNITOR AND
PROPELLANT IGNITION SEQUENCE ARE
NECESSARY UNDER ALL OPERATING
CONDITIONS

119



IGNITION

TEST

APPARATUS
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CONCLUSIONS

• COMPREHENSIVE GAS GENERATOR MODEL
WAS DEVELOPED

• MODEL HAS BEEN APPLIED TO

conventional pyrotechnic inflators

hybrid inflators

• AGREEMENT WITH DATA IS EXCELLENT

• MODEL IS A USEFUL TOOL FOR DESIGN AND
DEVELOPMENT OF:

new inflators (material properties, size, etc.)

new pyrotechnic compositions
propellant grain modifications
ignitors
new filter designs

• EXPERIENCE SHOWS THAT A RELIABLE
EXPERIMENTAL DATABASE IS ESSENTIAL

• WE RECOMMEND THAT SOLID PROPELLANT
FIRE EXTINGUISHMENT PROGRAM FOLLOW
SAME METHODOLOGY
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ALTERNATIVE DESIGNS

a.) Standard Scheme

Granular
Propellant

b.) Self-cooling Scheme
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ASPECTS OF FLAME SUPPRESSION

Anthony Hamins

Building and Fire Research Laboratory

National Institute of Standards and Technology

Gaithersburg, Maryland 20899
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OBJECTIVE

Give guidance on the performance of fire

suppression systems in engine nacelles.

Compare Effectiveness of 3 Key Agents

Formula Designation lUPAC Name

CF3I — iodotrifluoromethane

C 2HF5 HFC-125 pentafluoroethane

C3HF 7 HFC-227ea heptafluoropropane

124



Testing

Solid

Propellant

Gas

Generators

I

o

•H
-P
X

Q)

(6

C
"H

'

rH
I—

I

o
U
-P
a
O
O

U)

P
0
-P
0
g
fd

M
cd

^ 0
P

>1 p P
0 -p p

*H cd tn
O p •H

0 0 0 0
I—

1

Pu 0 PIH
(d

0 e p
> 0 p 0

PEH 0 1—

i

-p c 0 M-! P 1—

1

fd 0 o p 0 m 0 0
-H 1—

1

•H P P P
^ -p CP PU P < CP

125

CN

what

is

an

appropriate

test

apparatus?



ASPECTS

OF

FLAME

SUPPRESSION
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Flow Time / Chemical Reaction Time

’’p oc 1/ (Velocity Gradient) = 1/(U/L)

’"CR
a l/(Rate Constant) = l/(B-exp[-E/RT])
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VELOCITY Ccm/sec)
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Recirculation Zone

D = 7.3 cm
45 hollow

cone spray

Fuel Tube Bluff Body
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AGENT ENTRAINMENT INTO RECIRCULATION ZONE

9 Predict as function of At, Velocity

Assumptions

9 To extinguish flame, Xi(At) ^ X^,.

9 Zone length (L) assumed constant.

9 Instantaneous mixing occurs.

9 Spray characteristics unimportant.
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AGENT ENTRAINMENT INTO RECIRCULATION ZONE

Results

X^(At)
( A^»t )

1 - e ^

9 At = injection interval.

• X « L /

• At,, s -x;ln(l-X„); i.e. At^, a x

Limitations

• X„ is not predicted, but is a function

of agent chemistry.
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CONCLUSIONS
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ĉd

;-(

CDC
C4-( O

ĉ
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OUTLINE

1. Introduction

2. Fire Extinguishing Agent Sensor

(FEAS)

3. Differential Infrared Rapid Agent
Sensor (DIRRACS)

4. Combined Aspirated Hot-
Film/Cold-Wire Probe

5. Statham Analyzer and Halonyzer

6. Literature Review

NIST



TIME RESOLUTION REQUIREMENTS

• Dry-bay application requires fire extinguish-

ment in tens of milliseconds.

• In order to characterize concentration

behavior must be able to make real-time

measurements significantly faster than the

event.

• A temporal resolution of one millisecond (1

kHz data rate) was chosen as design goal.

• Note that the required temporal resolution

places constraints on spatial resolution.

# Compare current requirement with tempo-
ral response of existing Statham and Halon-

yzer instruments (0.25 s).

T50' isiisr





Voltage

FREQUENCY RESPONSE OF THE FEAS
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SCHEMATIC

FOR

THE

DIFFERENTIAL

INFRARED

RAPID

AGENT

CONCENTRATION

SENSOR

(DIRRACS)
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DIRRACS

OUTPUT

VOLTAGE

-e—

V/V„(Pk-Vy)

•

-

V(Pk-Vy)/V„(Pk-Vy)

1
2

(AA-Md) A/(M-Md)A
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V(Pk-Vy)/Vg(Pk-Vy)

DIRRACS CALIBRATION
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WRIGHT-PATTERSON

DRY-BAY

TEST

FACILITY

Black"

DIRRACS

Test
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Mole

Fraction

Halon

1301

CONCENTRATION MEASUREMENTS
DURING AGENT RELEASE INTO WRIGHT-

PATTERSON AFB DRY-BAY FACILITY

457- NIST

Time (s)



Mole

Fraction

HFC-125

DIRRACS CONCENTRATION MEASUREMENT IN
TURBULENT SPRAY-FLAME BURNER FACILITY

Time (s)

4^ NIST



CURRENT STATUS OF DIRRACS

# Feasibility demonstrated.

# Sensitivity to flow velocity must be
eliminated.

# Reduction of sampling volume is

desirable.

NIST



COMBINED ASPIRATED HOT-FILM/
COLD-WIRE CONCENTRATION PROBE

• Hot-film anemometer measures heat loss from
heated cylinder, normally used for velocity mea-
surement, but also responds to concentration and
temperature variations.

• Volume flow rate through a choked orifice only

depends on upstream pressure, stagnation temper-

ature, and gas molecular weight.

• Placing hot-film in aspirated tube containing

choked orifice eliminates most sensitivity to veloci-

ty and creates probe sensitive to concentration and
temperature changes.

• Utilize a cold wire as a resistance thermometer to

record temperature.

• Proper calibration of the combined aspirated hot-

film/cold wire probe allows concentration to be
measured in binary mixtures.

• Sampling volume ~ 1 mm ,
temporal resolution =

1 ms

Wff NIST



COMBINED ASPIRATED HOT-FILM/COLD-WIRE
CONCENTRATION PROBE (TSI MODEL 1440S)

Vacuum

ooo
in

o
o

* All Measurements are in mm

NIST
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Aspirated Hot— Film Calibration
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Probe

Deflection

(V)

NORMALIZED PROBE RESPONSE
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Calculated

Halon

1301

Mole

Fraction

DRY BAY RELEASE #1

i65- NIST



Mole Fraction of Halon 1301
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Halon

1301

Mole

Fraction

Time Following Release (s)
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CURRENT STATUS OF COMBINED
ASPIRATED HOT-FILM/COLD-WIRE

PROBE

• Probe is subject to clogging during actual

dry-bay tests (attributed to use of squib

charge).

• Probe has an unexpected sensitivity to

velocity fluctuations.

• Probe is capable of accurate measurements
of agent concentration with high temporal

and spatial resolution.

• Probe sensitivity depends on gas pairs con-

sidered.

• Additional development might lead to a

probe which could be used in dry-bay and
nacelle test facilities.

ivjisr^



SCHEMATIC FOR A "GAS ANALYSIS APPARATUS"
REPRODUCED FROM THE UNITED STATES PATENT

OF YANIKOSKI (1952)

YANIKOSKI

CAS ANALYSIS APPARATUS

Filed Oct. 18, 1S46

2 ,586,899

'JFIG. S TIE. 7

INVENTOR.
NZC)ye//7V//T y/PVV/V:'aNA:^/

AT roenevs

m- NIST



Response

Time

(ms

Halonyzer Response Times
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• Time-resolved mass spectrometry.

• Mid-infrared absorption used in conjunction

with fiber optics for spatial resolution.

• Near-infrared absorption used in conjunc-

tion with fiber optics for spatial resolution.
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EXPLOSION SUPPRESSION FOR INDUSTRIAL
APPLICATIONS

by

Franco Tamanini

Research Division, Explosion Section

Factory Mutual Research Corporation

Prepared for Presentation at the Solid Propellant Gas Generator Workshop

National Institute of Standards and Technology

Gaithersburg, MD, June 28-29, 1995
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GENERAL BACKGROUND

• PROTECTED SYSTEMS

* Laminar and turbulent vapor/air mixtures (Propane typical).

* Dust explosions for ST 1 & 2 dusts (K^t < 300 bar m/s).

* Test data for volumes up to about 250 m^.

* Proprietary design methods developed by hardware manufacmrers.

• TYPICAL CHARACTERISTICS

* Several types of agents used, including powders (Sodium bicarbonate,

Mono-ammonium phosphate), water and pressurized liquids (Halon

replacements). Water unsuccessful in suppressing gas explosions.

* Suppressant quantities of 5-30 liters per unit. Several units may be

required for one installation.

* Suppression system activated by UV or pressure detector.

* Pressurizing agent, typically nitrogen, at 40-60 bar (600-900 psi).

* Activation time: 1-2 msec. Agent delivery time: 10-100 msec.
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EXPLOSION SUPPRESSION RESEARCH AT FMRC

• GOAL

Develop an understanding of the mechanisms of explosion suppression

and establish the effectiveness of new agents, or new delivery

methods, in suppressing high-challenge explosions.

• COMPLETED WORK

* Carried out suppression tests in the 2.5-m^ pressure vessel for near-

stoichiometric methane/air mixtures using mono-ammonium phosphate

(MAP), sodium bicarbonate (SB), and water as suppression agents.

* The two powder agents (MAP and SB) were found to be successful at

suppressing explosions in both quiescent and turbulent mixtures.

* No successful suppressions obtained with water.

• WORK IN PROGRESS

* Perform additional gas explosion suppression tests by experimenting

with novel delivery methods to maximize the effectiveness of water

as a suppression agent. PropeUant-based gas generators seen as

presenting a means to improve effectiveness of water.
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EXPLOSION SUPPRESSION RESEARCH AT FMRC

• EXPERIMENTAL HNDINGS

* Inerting concentrations of the two powder agents from 20-liter sphere

tests with a 10% methane/air mixture:

Sodium bicarbonate (Ansul Plus 50C): 975 g/m^

Mono-ammonium phosphate (Ansul Foray): 575 g/m^

* Suppression tests in the 2.5-m^ vessel performed for the following

parameters:

Amount of suppression agent: 3 Kg
Pressure of driver gas (nitrogen): 50 barg

Detection pressures: 1, 3, 5, 8 psig (0.07, 0.21, 0.34, 0.55 barg)

Mixture conditions: Laminar (Uj = 0.42-0.58 m/s)

Turbulent (u^
,^
= 1.14-1.71 m/s)

* For the single concentration used (1,200 g of agent per m^ of protected

volume), the two powder agents (SB and MAP) found to be always

successful in suppressing the explosion and to have similar

effectiveness.

* Failure by the water to achieve suppression in most runs. No
appreciable improvement from the use of nozzle with smaller injection

holes and addition of CO2 to the nitrogen charge. Full unvented

pressure developed by explosions where suppression failed.

* Location of the ignition source found to have a small effect on the

performance of the suppression system. Surprisingly, mixtures ignited

behind the injection nozzle are the easiest to suppress.

* Increased challenge to the suppression system due to presence of

turbulence in the mixture, leading to higher suppressed pressures.
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EXPERIMENTAL FACILITY
1.

FMRC 2.5-M^ FACILITY
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2.

SUPPRESSION VESSEL/PIPING
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ENHANCEMENT OF WATER AS SUPPRESSION AGENT

• SUPPRESSION MECHANISMS

* Combination of direct interaction of the suppression agent with the

flame front, and inerting of the unbumt mixture.

* Water droplets produced by the delivery system estimated to have a

diameter in the range 100-150 pm.

* Droplets 10 times smaller (10-15 pm) are needed for water to be

effective as an inerting medium.

* Pre-heating of the water charge may provide a means to enhance

fragmentation of the stream and, therefore, extinction effectiveness.

• DISSOLVED GAS/STEAM FLASHING

* At pressures of 15-20 bar, water dissolves an equal volume of carbon

dioxide. No improvement in extinction effectiveness found by the use

of carbonated (200 psi of CO2) over plain water.

* Equivalent amount of volume expansion can be obtained by steam

flashing of about 0.7% of a water charge (corresponding to about 4°C
of superheating).

* Water superheated to 200°C (392°F) would produce a flashed fraction

of about 18% (Steam inerting of a 2.5-m^ volume achieved with 3

liters of "hot" water).
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USE OF SOLID PROPELLANT GAS GENERATORS
IN INDUSTRIAL EXPLOSION SUPPRESSION SYSTEMS

• POTENTIAL ADVANTAGES

* Storage of suppression agent at ambient pressure (and temperature) up

to the time of system activation.

* Ability to preheat the agent during deployment (improved

fragmentation, partial flashing of charge).

* Non-decaying pressure during agent delivery for faster deployment at

fixed maximum design pressure.

• POTENTIAL DISADVANTAGES

* Higher cost than traditional systems based on pressurized driver gas.

* DOT classification of propellant (storage, maintenance, handling, etc.)

* Burden of proof of new technology.
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